Abstract -Around 150 million people in more than 70 countries around the world are exposed to elevated levels of naturally occurring arsenic in groundwater used for drinking and cooking. Inexpensive arsenic field test kits are readily commercially available and have been promoted for classifying the safety of water sources. However, the accuracy and reliability of test kits has been called into question by some researchers. The purpose of this project was to provide decision support to a small nonprofit community development organization in central Mexico regarding the applicability of field test kits for assessing the safety of rural groundwater supplies. Test kit evaluation was conducted as an experiential learning exercise for undergraduate and graduate students in a University engineering course on Global Water and Sanitation. Recounting the scale and scope of the ongoing arsenic crisis in Bangladesh, as well as the sensational epidemic of "arsenical beer" in Manchester, England in 1900 that popularized the Gutzeit chemistry upon which test kits are based, spurred student interest and enthusiasm for the learning activities. Reviewing the contradictory and inconclusive literature from the recent two decades on the use of test kits provided a sobering case study for students to grapple with the difficulties and uncertainties inherent in conducting humanitarian science and engineering in the developing world. This study found generally poor performance of test kits, in particular for waters containing As in excess of 95 g/L. Additionally, the field kits tested could not be used to classify waters as "safe," i.e., below the WHO Guideline Value of 10 g/L to 95% level of confidence. This study lends further caution to the use of test kits for identification of safe water sources.
INTRODUCTION

The global arsenic public health crisis
Exposure to elevated levels of arsenic (As) is associated with skin, bladder, and lung cancer, developmental effects in children, cardiovascular disease, and painful skin lesions. 1 Naturally occurring arsenic in groundwater used for drinking and cooking is a global public health catastrophe affecting ~150 million people in more than 70 countries. 2, 3 The most intense expression of this crisis came to light in Bangladesh and West Bengal, India, in the late 1990's when it was discovered that around 33 million people were drinking water containing more than 50 g/L (parts-per-billion) As. 3 As of 2009 an estimated 22 million people were still drinking water that does not meet the Bangladesh standard of 50 μg/L, and 5.6 million were exposed to As above 200 μg/L. 4 The World Health Organization (WHO) and many countries do not consider 50 μg/L safe and recommend a Guideline Value of 10 μg/L.
1 At this level, around 50 million people in Bangladesh (~ 40% of the total population) and about 12 million people in West Bengal are consuming dangerous quantities of arsenic. 3 The origin of this crisis constitutes a tragic irony of unintended consequences. A policy promoted by UNICEF to reduce child mortality from enteric disease from the 1970s led to the drilling of tens of millions of tubewells to obtain microbiologically safe drinking water, since surface water quality was heavily impaired by fecal contamination. However, this unknowingly tapped aquifers containing high levels of geogenic As leading to what the World Health Organization (WHO) dubbed "the largest mass poisoning of a population in history." Extensive contamination was subsequently discovered in the river basins of Nepal, Myanmar, Cambodia, Vietnam, and Pakistan. 3 For example, a recent study estimated that approximately 50 million to 60 million people use groundwater within the area at risk, with hot spots around megacities Lahore and Hyderabad. 2 Regional hotspots of As contamination have also been identified in Central and South America and Mexico. 3 One such hotspot is located in the Independence Watershed of central Mexico, in Guanajuato state. 5 Caminos de Agua (hereafter, CdA; caminosdeagua.org) is a registered 501(c)(3) nonprofit in the U.S. as well as a Mexican Asociación Civil (A.C.) based in San Miguel de Allende. They work in partnership with local communities, research institutions, and other stakeholders to innovate and implement water solutions that create adequate access to safe, healthy drinking water supplies. Developing a reliable, accurate, cost-effective field testing protocol for As in groundwater is therefore critical to CdA's mission. Field test kits manufactured by Hach 6 and ITS 7 are readily available online and have been promoted for inexpensive As quantitation under field conditions. However, the accuracy and reliability of field kits have been called into question. The Mexican drinking water standard for As is 25 g/L, whereas CdA's objective is to provide drinking water below the WHO Guideline Value of 10 g/L. The objectives of this project were (1) determine the accuracy and precision of Hach and ITS field test kits for As quantitation under solution conditions relevant to groundwater in Independence watershed, Guanajuato, Mexico; (2) provide decision support to CdA regarding the applicability of field test kits for assessing the safety of community water supplies; and (3) utilize the process of accomplishing objectives (1) and (2) as an in-class learning exercise for ~40 students in the course "Water and Sanitation in Developing Countries" (catalog number CE 497/596 at North Carolina State University; hereafter, "WaSH class"). Technical learning outcomes included familiarization with the Hach and ITS kits and underlying chemistry; basic field-lab protocol and techniques including handling of hazardous reagents and wastes; simple experimental design and hypothesis testing; basic statistics, data analysis and reporting. Student interest and engagement with the course material was enhanced by recounting the fascinating backstory of the chemistry that underlies the test kits.
History of the Gutzeit method
As detection by field test kits is accomplished by the classic "Gutzeit method" first published in 1879. 8 In a liquid sample, As is reduced to arsine gas (AsH3) using acid and zinc granules or powder. The evolved arsine gas reacts with mercuric bromide bound to a paper strip to give a yellow color, which darkens with increasing As concentration. The early application of this method is an interesting instance of chemistry history worth expounding in the classroom as it can facilitate student engagement with the course material. Unless otherwise indicated, the following is summarized primarily from the article by Copping. The Gutzeit method gained rapid popularity in the early years of the twentieth century in response to a much smaller (compared with Bangladesh), though still sensational, crisis of arsenic poisoning that occurred in northwest England. 10 'Alcoholic peripheral neuritis' was a common condition among the poor of late-nineteenth Manchester and surroundings. The condition was characterized by fatigue and progressive paralysis, numbness and 'dropping' of the hands and feet, and muscle tenderness especially in leg muscles and soles of the feet. Because most of the sufferers of this condition were of low social class, the parochial British medical establishment regarded the condition simply as "a common penalty borne by those who indulge in alcoholic drinks." However, in the summer and fall of 1900 hospitals and clinics around Manchester saw a sharp increase in number of cases of "alcoholic neuritis." In some medical facilities one-quarter to one-half of patients presented with symptoms of the condition. The diagnosis of alcoholic neuritis was supported by the fact that all patients admitted to regular beer consumption. Apart from beer drinking, a large majority of suffers were low working-class laborers and paupers. Though patients admitted to beer drinking, most individuals reported their daily intake to be below the threshold thought to cause neuritis. However, due to social biases it was common for physicians to doubt patients' truthfulness in reporting beer consumption.
During the epidemic, physician Ernest Reynolds noted that many patients presented with symptoms of neuritis as well as skin rashes and discoloration. He also noticed that people who drank only liquor were unaffected by the condition despite consuming similar quantities of alcohol. Reynold's colleague Scottish physician William Gairdner also commented on "the great rarity of alcoholic neuritis amongst the whiskey-drinking poor of Glasgow -a group not usually noted for temperance of habit." This led Reynolds to suspect As contamination of the beer. Testing of local beers using the Gutzeit method began in mid-November of 1900 and the findings were reported in the British Medical Journal.
11 By mid-December consensus was reached among medical practitioners that "arsenical beer" was responsible for the poisoning. The epidemic reached its How did As get into beer? In order to offer a lower cost option to beer drinkers several Manchester brewers substituted a portion of high-quality malted barley with inexpensive refined sugar. The sugar was supplied by Bostock and Co. of Liverpool and was manufactured by hydrolysis of starch using sulfuric acid. The acid was derived from pyrites containing As, which transferred to the acid and sugar. Highly contaminated refined sugar in cheaper beers was thus responsible for the sharp increase in As poisoning. The background levels of alcoholic neuritis that existed for many years prior to the epidemic were explained by chronic exposure to smaller quantities of As associated with the malt. Barley malt was kiln dried by exposure to the hot vapors of a coal or coke fire -fuels which also contained traces of As that could be transferred to the malt.
A testing program using the Gutzeit chemistry was undertaken to identify and remove arsenical beer from the market. 10 Subsequently, incidence of alcoholic neuritis dropped to rates comparable with rates in other British cities. Copping highlighted the impact that social class-based discrimination had on prolonging the crisis: "For many years prior to the epidemic, substantial numbers of beer drinkers had been systematically misdiagnosed as suffering from alcoholic neuritis when in reality they were being slowly poisoned by arsenic. The basis for this misdiagnosis was the willingness of the medical practitioners to disregard patient testimony in favor of prejudice about the honesty and reliability of the lower working class". 9 
Literature review of field test kits
Surveying the peer-reviewed literature on field quantitation of As using test kits presents a valuable learning opportunity for students. The literature describing the accuracy and reliability of test kits is relatively contradictory and inconclusive. The summary below is not exhaustive but is sufficiently comprehensive to illustrate the discrepancies and uncertainties. From the studies available it cannot be concluded to an appropriate high level of confidence that test kits can be relied upon for determining drinking water safety from an As perspective. It's also not clear why the field kits have performed well in some circumstances and poorly in others. The As field test kit literature is thus a teachable case-study illustrating some of the difficulties and uncertainties encountered in conducting WaSH research and implementation in the developing world. The inherent challenge can motivate students' investigative desires to support water safety for communities and science-based consulting for development practitioners such as CdA.
A 1999 study by Hussam and coworkers showed a poor correlation (R 2 0.2-0.5) between field test kit results and lab methods. 12 This triggered further investigations into the use of kits for identifying safe versus unsafe wells in Bangladesh. The follow-up study by Rahman and coworkers found that 45% of 2,866 wells tested were misclassified by test kits as being below the 50 g/L Bangladeshi standard. 13 Test kits gave 68% false negative results and 35% false positive results compared to lab analysis. 13 Spear and coworkers observed poor As quantitation from laboratory reagent water and groundwater spiked with 30 g/L As for kits supplied by several manufacturers, including the Hach kit which evinced only 30-40% recovery.
14 In contrast, Van Geen and coworkers found that the Hach field kit correctly determined the status of 88% of 799 wells in Bangladesh relative to the 50 g/L standard. 15 They also showed that the proportion of
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incorrect results in the 50-100 g/L range could be significantly reduced (from 79% to 2%) by extending the reaction time from 20-40 minutes. 15 Steinmaus and coworkers used ITS and Hach kits to test well water in Nevada. 16 They found that kits were in the same As concentration bracket as determined by a lab method in 71% (n=97; ITS) and 62% (n=84; Hach) of samples and within one concentration bracket for 99% (n=134; ITS) and 97% (n=132; Hach) of samples, respectively. 16 Relative to 50 g/L As, false positive and negative rates were, respectively, 9.0% and 7.2% (ITS) and 3.0% and 8.7% (Hach) . Relative to 10 g/L As, false positive and negative rates were, respectively, 14.8% and 2.7% (ITS) and 7.4% and 4.6% (Hach) . 16 George and coworkers found that for 123 wells in Bangladesh, the ITS correctly determined the status of 89% of wells relative to the 10 g/L WHO Guideline value and 92% of wells relative to the 50 g/L local standard. 17 Jakariya and coworkers tested 12,532 wells in Bangladesh using test kits manufactured by Merck and found overall that the kits classified wells correctly in 91% and 87% of samples with respect to the 50 and 10 g/L local and WHO standards, respectively. 18 However, around 85% of wells fell into 0-9.9 g/L (~28%), 100-499 g/L (~47%), and  500 (10%) categories combined, whereas wells falling within 10-24, 24-49, or 50-99 g/L As concentration brackets each accounted for only about 5% of samples. Relative to the 50 g/L standard the percentage of wells correctly classified in the 50-99 g/L category was 70%. Relative to the 10 g/L standard the percentage of wells correctly classified in the 10-24 g/L category was 47%. 18 Thus the reported high overall rates of correct classification (~90%) reflect bias due to the bimodal distribution of As in wells of the sample set (i.e., a large percentage of wells are either very high or very low). For wells with As concentrations nearer the critical values of 10 and 50 g/L the kits performed rather poorly.
Environmental Technology Verification (ETV) reports for the ITS Quick II and ITS Quick Low Range II test kits were prepared by Batelle under cooperative agreement with US EPA. 19, 20 These kits are predecessors to the Quick Arsenic Econo II kit used in the present study, for which an ETV is currently not available. Data have been extracted from the ETV reports and summarized in Tables 1A and 1B in the Appendix. The ETV studies found average false positive rates of 0% and false negative rates of 22% and 48% for the Quick II and Low-Range II kits, respectively. The average As recoveries ranged from 48% to 75%, showed significant variability (i.e., large standard deviations). On average, recoveries were lower and had larger standard deviations in As-spiked environmental waters compared with spiked laboratory ("DI") water. The accuracy of the kits showed significant negative bias, underreporting As concentrations by 33% on average. The negative bias was stronger for environmental waters than DI water -56% and 58% versus 8% and 12% for the Quick II and Low-Range II kits, respectively. Overall test kit accuracy assessed by agreement within +/-one color block As concentration bracket averaged 70% and 42% for the Quick II and Low-Range II kits, respectively. Accuracy assessed by agreement within +/-one color block was lower for environmental waters than DI water. As concentration bracket Interestingly, in many cases testing accuracy was higher and incidence of bias lower for the "nontechnical" versus the "technical" kit operator. In summary, the kits as tested in the ETV program evince significant variability between users, consistent and substantial underestimation of As concentrations, and stronger negative bias in representative environmental waters compared with laboratory reagent DI water.
International
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Researchers have identified several factors that can lead to inaccurate As measurements using field test kits. For example, As in sample water is reduced using acid and zinc. However, zinc ores often contain traces of As which can transfer to the Zn reagent and this was shown to affect test kit reliability in Bangladesh. 21 Kinniburg and Kosmus 21 also specify that Zn granules promote more favorable reaction kinetics compared with Zn powder; however most kits such as those tested here utilize Zn powder. Researchers have also noted the relatively low sensitivity of the human eye to variations of yellow color, especially under the range of different lighting conditions that exist in the field. 13, 21 Moreover, the reaction that produces yellow stain on the test strip is timesensitive. Significant variability arises from when the strip is read and ambient conditions such as temperature and humidity that can affect reaction kinetics (Kinniburgh and Kosmus 2002). Spear and coworkers found significant performance variability between two test kits supplied by the same manufacturer (ITS).
14 In this case, the discrepancy was attributed to a flaw in product packaging that resulted in a reaction between the mercuric bromide paper strips and the aluminum foil lining of the pouch in which they are shipped and stored. Strips from faulty packages showed As III recoveries of 64%, As V recoveries of 7%, and As III +As V recoveries from mixtures of 34%, compared with 94%, 96%, and 100%, respectively, for strips supplied in redesigned packaging.
In summary, from surveying the available literature it is difficult to ascertain a high level of confidence in the accuracy and reliability of As field test kits based on the Gutzeit method.
METHODS
Sample collection and preservation
Distilled water (DI) was purchased from a local mechanic shop in San Miguel de Allende, Mexico. San Miguel municipal piped water (TAP) was collected from a tap in the CdA laboratory. Well water was collected during summer 2017 (WELL1) and during spring 2018 (WELL2) from the rural village of Ex Hacienda de Jesus in Guanajuato state. As from a concentrated stock solution was spiked into DI, TAP, and WELL1 waters at levels of 0, 10, 20, 50, and 80 g/L above the level of background (native) As. Samples were acidified to pH  2 with HCl to prevent formation of iron oxyhydroxide precipitates onto which As can sorb, inhibit biological activity, and maintain As in dissolved form. 22 Water samples were sub-sampled for analysis by CdA staff using an ITS test kit, and were transported in checked luggage to NC State University where they were stored refrigerated and in the dark until analysis by WaSH class students. Code names for samples were used so that students and ICP-MS analysts were blinded during quantitation.
Analysis by ICP-MS
ICP-MS analyses were performed at Research Triangle Institute (RTI) International. Samples were prepared in a Class 100 clean hood to prevent contamination and were diluted with a nitric acid solution to a 2% nitric acid final matrix composition. After preparation, the samples were analyzed for trace minerals using the Thermo (Bremen, Germany) X-Series II ICP-MS equipped with a concentric glass nebulizer and peltier-cooled glass impact bead spray chamber. The instrument was operated in collision cell mode and tuned daily to control interferences arising from ArCl. Calibration standards for ICP-MS analysis were prepared by dilution of NIST-traceable 10 and ISSN 1555-9033   38 1,000 mg/L As standard in a nitric acid solution. Continuing calibration check samples were analyzed at most after every ten samples and consisted of a blank measurement to monitor carryover and a calibration standard to assess instrument performance. The limit of quantification (LOQ) was taken as the lowest concentration calibration standard, 0.50 g/L and the limit of detection was calculated as a function of the standard deviation of the measured signal of method blank samples, 0.035 g/L. For the calibration, standards were accepted as passing if their backcalculated concentration was found to be within ±15% of the nominal concentration (±25% of the nominal concentration for the lowest concentration standard). Quality control checks were accepted as passing if the determined concentration for all elements was found to be within ±15% of the nominal concentration. Several samples were prepared in duplicate to monitor reproducibility, and several samples were prepared in duplicate with addition of 5 g/L of As. Recovery for spiked samples generally fell between 96% and 112% and calculated percent difference for duplicate samples was less than 1.2% for all samples. Method blank samples were analyzed prior to study samples and produced a background concentration of 0.011 g/L As.
Analysis by Hach and ITS field kits
The spring 2018 WaSH class consisted of 30 senior undergraduate and 8 graduate students in civil, environmental, and construction engineering programs. Students were divided into eight groups of four to five students each, given one coded water sample, and instructed to perform one analysis with the Hach kit and two analyses with the ITS kits. Replicate analyses were performed with the ITS kit since those are what CdA primarily uses and therefore warrant more attention. Students followed the directions given in the kit product information sheets under light supervision by the course instructor. One undergraduate student from the course was paid hourly to work after class to complete the testing so that each sample was analyzed once by the Hach kit and twice by the ITS kit. For a second round of testing, water samples containing 5-83 g/L As were made by diluting WELL1 and WELL2 waters with different ratios of laboratory DI water, and by combining WELL1 and WELL2 waters in different ratios. The rationale was that if species are present in well water that suppress or amplify As response by the test kit, these species would also be diluted by DI water but would be present in approximately similar amounts in blended well water. Blended and diluted well water samples were made and coded by the instructor for blinding, then analyzed in triplicate using the ITS kit by the same WaSH class undergraduate student.
Instructions supplied with the ITS kit indicate that water samples should be analyzed immediately and without prior addition of preservative(s). However, this is not practical in many field circumstances. Preservation of many samples collected over days and stored up to one week for analysis in batches is necessary for the workflow of CdA as well as other field practitioners. Therefore, dilutions of WELL1 water using local distilled water were prepared by CdA tech staff and analyzed with and without preservation by addition of HCl to pH  2 to investigate the effect of acidification on ITS test kit response.
International Figure 1 displays As concentrations in DI, TAP, and WELL waters spiked with 0, 10, 20, 50, and 80 g/L As quantified by ICP-MS (herein denoted "accurate" As concentrations). ICP-MS is a suitable method for aqueous As quantitation as defined in Standard Methods for the Examination of Water and Wastewater. 23 For each spiked water series slopes were 1.0  0.1 and R 2 values >0.98. Intercept values, which correspond to no As spike, indicate that As in DI was below detection level, 11.7 g/L in TAP water, and 94.7 and 46.3 g/L in WELL1 and WELL2 wasters, respectively. Furthermore, matrix interference with As quantitation by ICP-MS was not apparent for the DI, TAP, and WELL waters tested (Figure 1 ). Figure 2 displays As concentrations in DI, TAP, and WELL waters measured by ITS and Hach kits (y-axes) compared with accurate quantitation by ICP-MS (x-axes). In nearly all water samples, test kits significantly underestimated As concentrations as quantified by ICP-MS. The ITS kit showed a weak linear response with increasing As concentration (Figures 2a-c) . The Hach kit showed poor correspondence between As concentration and test kit results (Figure 2d ). Significant differences were not observed between ITS test kit results when analyses were performed by CdA tech staff (data indicated by triangles in Figures 2a-c) or WaSH class student(s) (data indicated by circles in Figures 2a-c) . Within the precision of the data it is not possible to resolve an effect of the background water matrix (i.e., DI versus TAP versus WELL waters). The ITS kit showed poor correspondence for As concentrations exceeding ~95 g/L (Figure 2b ). This result is unsurprising Effect of acid stabilization of water samples Figure 3 shows As quantified by CdA tech staff using the ITS kit for WELL2 water diluted with different ratios of local distilled water. As concentrations given on the x-axis are designated "nominal" because dilutions of WELL2 water were not analyzed by ICP-MS. Within the precision of the data a significant effect of sample preservation by acidification was not observed.
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RESULTS AND DISCUSSION
ICP-MS analysis of field water samples
Performance of Hach and ITS field test kits
International 
Recommendations for use of (ITS) test kits
The primary objective of this project was to provide decision support to CdA regarding the accuracy, reliability, and potential for utilization of test kits for classifying the safety of community water supplies. To this end the NCSU WaSH class developed a conservative approach using basic statistics and the dataset made available through this exercise. Significant distinctions in ITS test kit quantitation of As in different water matrices and by different operators were not observed within the precision of the method. Moreover, kits are available for online purchase by trained and untrained operators alike for use in a wide variety of field settings. Accordingly, all ITS kit data for As < 95 g/L irrespective of water type or operator were fitted with a linear regression trendline as shown in Figure 4 . The slope factor of 0.24 indicates that, on average, the ITS kit underestimated As concentration by approximately a factor of four. The R 2 value of 0.59 reflects substantial variance in the data. The "Data Analysis" function in MS Excel was used to perform the regression analysis and calculate upper and lower 95% confidence intervals. The linear least squares fit and 95% confidence intervals were used to calculate calibrated mean, lower, and upper bounds for the test kit color chart brackets ( Figure 5 ). Using this approach, a water sample giving an ITS color chart reading of 12 g/L, for example, could be reported as corresponding to an As concentration of 26-63 g/L to a 95% level of confidence. Note that to a 95% confidence level the ITS kit cannot be used to classify water as "safe" according to the WHO Guideline Value of 10 g/L As, since the calibration upper bound exceeds this value (i.e., the 95% confidence range extends to 11.6 g/L). Water samples falling into the lowest two brackets on the ITS color chart ("<2" and "3" g/L) could be classified as below the Mexican standard of 25 g/L to a 95% level of confidence. 
CONCLUSION
This study showed poor correlation between As concentration and test kit response for the Hach kit over the range tested (0-177 g/L As), and for the ITS kit when As exceeded ~95 g/L. Below 95 g/L the ITS kit showed a weak linear response with increasing As concentration, but was a factor of three-to-four low compared with As quantified by ICP-MS. Within the precision of the method, no effect of background water chemistry or test kit operator were observed. The field kits tested could not be used to classify waters as "safe," i.e., below the WHO Guideline Value of 10 g/L to 95% level of confidence. The ITS kit could be used to classify waters as below the Mexican drinking water As standard of 25 g/L with a 95% level of confidence.
The literature describing the accuracy and reliability of As field test kits is relatively contradictory and inconclusive. This study lends further caution to the use of test kits for identification of safe water sources. Involving students in this project fostered a lot of discussion regarding the challenges and uncertainties associated with humanitarian science and engineering in low resource settings. Providing contextual background for As field testing through readings and discussion of the ongoing crisis in Bangladesh and the sensational "arsenical beer" epidemic among the working poor of Manchester, England in 1900 spurred interest and engagement of students with the course material and hands-on activities.
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